Dodson RB, Morgan MR, Galambos C, Hunter KS, Abman SH. Chronic intrauterine pulmonary hypertension increases main pulmonary artery stiffness and adventitial remodeling in fetal sheep. Am J Physiol Lung Cell Mol Physiol 307: L822-L828, 2014. First published October 17, 2014 doi:10.1152/ajplung.00256.2014.-Persistent pulmonary hypertension of the newborn (PPHN) is a clinical syndrome that is characterized by high pulmonary vascular resistance due to changes in lung vascular growth, structure, and tone. PPHN has been primarily considered as a disease of the small pulmonary arteries (PA), but proximal vascular stiffness has been shown to be an important predictor of morbidity and mortality in other diseases associated with pulmonary hypertension (PH). The objective of this study is to characterize main PA (MPA) stiffness in experimental PPHN and to determine the relationship of altered biomechanics of the MPA with changes in extracellular matrix (ECM) content and orientation of collagen and elastin fibers. MPAs were isolated from control and PPHN fetal sheep model and were tested by planar biaxial testing to measure stiffness in circumferential and axial vessel orientations. Test specimens were fixed for histological assessments of the vascular wall ECM constituents collagen and elastin. MPAs from PPHN sheep had increased mechanical stiffness (P Ͻ 0.05) and altered ECM remodeling compared with control MPA. A constitutive mathematical model and histology demonstrated that PPHN vessels have a smaller contribution of elastin and a greater role for collagen fiber engagement compared with the control arteries. We conclude that exposure to chronic hemodynamic stress in late-gestation fetal sheep increases proximal PA stiffness and alters ECM remodeling. We speculate that proximal PA stiffness further contributes to increased right ventricular impedance in experimental PPHN, which contributes to abnormal transition of the pulmonary circulation at birth. persistent pulmonary hypertension of the newborn; biomechanics; collagen; elastin; extracellular matrix; lung development POSTNATAL GAS EXCHANGE at birth requires the pulmonary circulation to undergo a rapid change in hemodynamics, which is characterized by a marked fall in pulmonary vascular resistance (PVR) and a dramatic increase in blood flow. Persistent pulmonary hypertension of the newborn (PPHN) represents the failure to achieve the normal neonatal transition of the lung due to sustained elevation of PVR at birth. (3). High PVR in PPHN causes extrapulmonary right-to-left shunting of deoxygenated blood across the foramen ovale and ductus arteriosus, which leads to marked hypoxemia. Although PPHN is associated with altered vascular tone and vasoreactivity, smooth muscle cell hyperplasia, and reduced arterial density, past studies of PPHN have largely focused on the contribution of small pulmonary arteries (PA) to high PVR (9, 29). More recently, proximal PA stiffness has been shown to be an important prognostic in the progression of disease in models of postnatal pulmonary hypertension (PH) (25). However, the proximal elastic PA has received little study in the developing lung or in experimental models of PPHN.
POSTNATAL GAS EXCHANGE at birth requires the pulmonary circulation to undergo a rapid change in hemodynamics, which is characterized by a marked fall in pulmonary vascular resistance (PVR) and a dramatic increase in blood flow. Persistent pulmonary hypertension of the newborn (PPHN) represents the failure to achieve the normal neonatal transition of the lung due to sustained elevation of PVR at birth. (3) . High PVR in PPHN causes extrapulmonary right-to-left shunting of deoxygenated blood across the foramen ovale and ductus arteriosus, which leads to marked hypoxemia. Although PPHN is associated with altered vascular tone and vasoreactivity, smooth muscle cell hyperplasia, and reduced arterial density, past studies of PPHN have largely focused on the contribution of small pulmonary arteries (PA) to high PVR (9, 29) . More recently, proximal PA stiffness has been shown to be an important prognostic in the progression of disease in models of postnatal pulmonary hypertension (PH) (25) . However, the proximal elastic PA has received little study in the developing lung or in experimental models of PPHN.
Past studies have shown that altered hemodynamic forces due to increased pulsatility, shear stress, and pressure cause endothelial cell (EC) dysfunction and pathological changes in vascular structure and function (3, 16a) . During fetal and early neonatal lung development, these biomechanical factors are also important determinants of vascular cell growth and signaling that contribute to the PPHN phenotype (1) . Postnatal survival depends on carefully choreographed changes in lung vascular biomechanics, including tone, structure, compliance, and growth in both central and distal PAs. However, the role of abnormal mechanical stiffness in proximal PA at birth is poorly understood.
Arterial impedance describes the importance of proximal elastic vessel compliance, total vascular resistance, and distal vascular remodeling (30) . Proximal PA stiffness plays an important role in disease progression in adults with PH and is an independent predictor of morbidity and mortality in other diseases and postnatal models of PH (20, 23, 25) . However, previous studies of the distal vasculature suggest that arterial collagen content is not altered in experimental PPHN (4, 5) . Whether proximal stiffening occurs in PPHN and what mechanisms are responsible for vascular remodeling and cellular dysfunction are unclear.
To understand the role of proximal elastic PA remodeling in PPHN, we hypothesized that hemodynamic stress increases main pulmonary artery (MPA) stiffness in utero. Furthermore, we hypothesize increased stiffness changes the extracellular matrix (ECM) remodeling with increased collagen and altered elastin fiber deposition. Alternatively, hemodynamic stress increases proximal PA ECM production, which increases MPA stiffness and right ventricle (RV) afterload and alters hemodynamics within the distal lung. To test our hypotheses, we used a fetal sheep model to examine biaxial testing of the proximal compliance and remodeling in the pathophysiology of PPHN.
METHODS
Human PPHN. Human lung histology samples from consented autopsies were acquired from Children's Hospital Colorado (Aurora, CO) through an exempt protocol approved by the Colorado Multiple Institutional Review Board. Lung sections were examined for proximal elastic arteries to compare structural remodeling in an infant who died from nonrespiratory causes and two patients who died of PPHN. The nonrespiratory death sample was obtained from a term infant who died at 3 days. PPHN samples were obtained from lungs of two term infants who lived 3 or 9 days. Both patients died from PPHN with associated meconium aspiration syndrome. Images were qualitatively assessed for vascular remodeling and morphological changes.
Fetal sheep model of PPHN. Our studies used a previously described sheep model of PPHN that has been well established in our laboratory (3, 16a) . All procedures and protocols were reviewed and approved by the Animal Care and Use Committee at the University of Colorado Denver Anschutz Medical Center (Aurora, CO). Surgery was performed on twin pregnant mixed-breed Columbia-Rambouillet ewes at day ϳ127 of gestational age (n ϭ 6; term ϭ day 147). A left fetal thoracotomy exposed the heart and great vessels. A partial ligation of the ductus arteriosus in utero was performed in one twin while the other was used as the control. The MPA was harvested proximal to the ductus arteriosus from the PPHN and control fetal sheep 7-10 days after surgery.
Biaxial testing of compliance. Isolated MPAs were tested in the axial (z) and circumferential () directions by using a custom-made soft-tissue biaxial mechanical testing device, as described in Sacks (18) and Vande Geest et al. (27, 28) . The biaxial device allows forces to be applied axis independently and equally to the water bathmounted sample along the axial and circumferential directions of the sample. The stretch deformation is tracked optically in the axialcircumferential plane (10, 12, 19) . The applied loads in the axial (P Z) and circumferential (P) directions were measured with calibratedload cells. Applied loading was controlled on the basis of physiological Cauchy stresses calculated as
where H is the undeformed thickness, Li is the undeformed lengths over which the applied loads act, and Z and are the in-plane stretches. MPA samples were mounted with an initial preload of 0.5 kPa to ensure repeatability by consistently referencing the same tare configurations between samples. The specimen was preconditioned with 10 equibiaxial stress cycles at 20 kPa before the prescribed tests were performed. The 20-kPa stress was chosen to allow collagen engagement in test samples while preserving the elasticity in the tissue. Histological evaluation. MPA samples were fixed in 10% neutralbuffered formalin after completion of the physiological studies. Gross dissections of the fixed samples were oriented in the axial or circumferential direction. Samples either were paraffin embedded or underwent optical clearing. Paraffin-embedded samples were serially sectioned at 5-m intervals and stained with hematoxylin and eosin (H&E), Verhoff-Van Gieson, and Movat's Pentachrome to assess microstructure in the axial and circumferential directions. To achieve optical clearing, samples were dehydrated with ethanol treatment with progressive strengths of 50%, 70%, twice at 95%, and twice at 100%. These samples were then submerged in a solution of 1:1 ethanol to benzyl benzoate for 4 h before being placed in a solution of 1:2 benzyl alcohol to benzyl benzoate for at least 12 h. Images were viewed by second harmonic generation microscopy. All steps in the optical clearing were performed at room temperature.
Theoretical constitutive model of biaxial compliance. MPA macroscopic mechanical behavior of the vessel walls was analyzed by using the four-fiber constitutive model as previously described (6, 12) . MPA samples were modeled as single-layer fiber-reinforced isochoric, or incompressible, hyperelastic material. The fiber composite hyperelastic artery is related constitutively to experimental data by using a strain energy function to determine the stress required to deform the tissue. The strain energy function is composed of an isotropic function (⌿ Isotropic ) that describes the ground substance and elastin dominant portion of the vessel low-load response and an anisotropic function (⌿ Anisotropic ) that accounts for collagen fiber orientation and engagement at higher loads with an exponential increase in material stiffness at high strains as collagen recruitment takes over the load response.
The isotropic function (⌿ Isotropic ) employs a neo-Hookean model that describes the behavior of isotropic rubberlike materials. In the circumferential and axial planes this term becomes
where Î1 is the first invariant, c0 is a fitting constant, and Z and are the stretches in the circumferential and axial directions, respectively. The constant c 0 is related to the shear modulus of the tissue. The anisotropic function (⌿ Anisotropic ) describes the exponential increase in load as collagen engagement begins. The collagen fiber contribution to the mechanics includes four families of collagen fibers: one oriented axially, one circumferentially, and two oriented symmetrically along the diagonals offset by an angle ␥ from the circumferential direction. The strain energy function is appropriately in exponential form:
in which we assume the diagonal fiber a mechanical equivalent, c 1 
The hyperelastic constitutive model was fit to experimental data by optimizing the correspondence between model-predicted behavior and experimental behavior provided from the experimental stress-displacement tests, by minimizing the stress-based nonlinear error function
where n is the number of experimental data points and the weighting factors are w 1 and w2 with equal weighting given to each direction. Error function minimization was performed by using MATLAB (The MathWorks, Natick, MA) across a continuous spectrum of circumferential stretches and axial stretches, corresponding to the available experimental data. Constitutive parameters were found for the MPAs across individual data samples, minimizing the error function.
Statistical analysis. Statistical analysis of the biomechanical characteristics was performed by repeated-measures ANOVA that com- pared control and PPHN MPAs and accounted for repeated stress and stretch measurements made in the same fetal vessel. Other measurements were analyzed by a two-sided Student's t-test, assuming unequal variance for parametric data, and a Mann-Whitney test for nonparametric data, as noted below.
RESULTS
Representative proximal arteries in human lung histology samples were examined for qualitative structural changes. The human elastic arteries show a slight increase in medial thickening and a striking increase in the thickness of the adventitia in the PPHN patients compared with the control patient (Fig. 1) . The thicker adventitia in human PPHN was hypothesized to increase stiffness in the proximal arteries, which motivated our studies to test the stiffness in the remodeled proximal PA in an experimental model of PPHN in fetal sheep.
MPA stiffness was examined in control and PPHN fetal sheep by testing biaxial biomechanics across the prescribed stresses. (Fig. 2) . Uniaxial tests show increased stiffness in the circumferential direction in PPHN compared with control samples (P Ͻ 0.05). The biaxial experimental data shows increased stiffness and demonstrated decreased anisotropy, or directionally dependent stiffness, in PPHN.
From the biomechanical data, the constitutive model relates the macroscopic biaxial function to the compositional changes with a goodness of fit greater than 0.95 for all samples. Table 1 shows less isotropic, or elastin and ground substance (c 0 ), contribution to the stiffness from 3.17EϪ06 Ϯ 3.17EϪ06 kPa (means Ϯ SE) in PPHN to 1.75 Ϯ 0.37 kPa in control MPAs. The contribution of collagen fibers in both axial and circumferential directions were increased in PPHN by 726% (c 1 1 ) and a trend of 184% (c 1 2 ), respectively, compared with control MPAs (P ϭ 0.025 and P ϭ 0.08). The diagonally aligned fibers showed a 29% increase in circumferential orientation (␥) in PPHN (P Ͻ 0.05). The constitutive model showed lower contributions of elastin and ground substance and a greater role for collagen engagement to PA stiffness. From the constitutive model, PPHN and control samples are plotted with solid strain energy contour lines to visualize the energy necessary to elastically stretch the MPA in the axialcircumferential plane with the average maximal stress plotted as the dashed line (Fig. 3) . The strain energy contour confirms the decrease in anisotropy in the PPHN MPA compared with the control MPA, with the contour lines being almost isotropic in PPHN. The average stretch line demonstrates the shift in strain energy changes to preserve the average wall stress within the artery wall.
The MPA from the PPHN sheep has a markedly altered morphology and composition compared with the control (Fig. 4) , including increased total wall thickness that is characterized by increased adventitia but decreased media layers compared with control MPA. The MPA from PPHN sheep has increased collagen, decreased elastin, and increased ratios of Isotropic, or elastin and ground substance, contribution to the stiffness is described by c0. The contribution of the collagen fibers in both axial and circumferential directions are described by c 1 1 , c 2 1 and c 1 2 , c 2 2 , respectively, while the diagonal collagen fibers are described by c 1 3,4 , c 2 3,4 with the angle between the diagonal fibers ␥. CTL, control; PPHN, persistent pulmonary hypertension of the newborn. collagen to elastin compared with control MPA (Fig. 5) . Qualitatively, elastic fibers in the PPHN MPA appear more globular and less organized than their control sample counterparts, which exhibited concentric elastic bands. H&E image analysis shows no change in cellular density in the PPHN and control vessels (Fig. 6) . Second harmonic generation images of cleared MPA further demonstrate the structural changes in the PPHN vessel wall (Fig. 7 plus Supplemental Material for this article available on the Journal website). The constitutive collagen orientation correlates with the second harmonic generation images, which demonstrate greater organization of collagen fibers in the circumferential direction. The second harmonic generation z-stack images of the PPHN adventitial wall show increased density of microvessels compared with the control MPA (Fig. 7) .
DISCUSSION
We found that the proximal MPA from fetal sheep with PPHN is characterized by increased stiffness and altered ECM remodeling compared with normal fetal controls. Biaxial mechanics demonstrate that the stiffening occurs in both the axial and circumferential directions and reveal decreased anisotropy measured in MPA from PPHN sheep. The constitutive equations, which relate gross mechanical data to the microstructural components of the vessel wall, suggest a reduced role of elastin and more prominent role for collagen engagement in vascular mechanics in PPHN, which is primarily due to increased circumferentially oriented collagen fibers in the MPA wall. A series of morphometric techniques confirmed that MPA thickening occurs in PPHN with decreased elastin in the media and increased collagen deposition occurring in the adventitia. In- terestingly, the adventitia in the MPA from PPHN sheep is further characterized by an increase in microvessel growth.
Together, these findings demonstrate that the ECM in the MPA is more fibrotic and less compliant in experimental PPHN.
These findings are important because PPHN has long been considered as primarily a disease of the distal vasculature with little contribution of larger proximal arteries to abnormal pulmonary hemodynamics. PPHN is associated with smooth muscle cell hyperplasia and reduced arterial density in the distal lung (8, 9, 29) . In contrast with small PAs, our findings show that significant medial hypertrophy does not occur in the MPA of PPHN sheep compared with control MPA. Past studies suggest that distal, second generation intralobar PA show no changes in ECM composition in PPHN compared with controls (4, 5) . However, our study demonstrates that the proximal vessels in PPHN have decreased elastin, increased collagen content, and increased circumferential collagen orientation. Proximal vascular stiffness likely elevates RV afterload due to increased vascular impedance, as reflected by high RV systolic and pulse pressures in PPHN animals. Proximal PA stiffening may be an important consideration when addressing distal vascular vasoactive changes due to the influence of the Bayliss effect, in which stretch of proximal PAs augments downstream vasoconstriction (13) .
In this model of PPHN, occlusion of the ductus arteriosus initially elevates pulmonary artery pressure (PAP) and pulmonary blood flow; however, blood flow progressively returns to baseline values despite sustained elevations of PAP (4). These findings suggest that the effects of hemodynamic stress in this model are primarily due to high pressure and pulsatility, and not to high flow (2) . Past studies in this model have further demonstrated persistent EC dysfunction in vivo and in vitro, as characterized by impaired endothelium-dependent vasodilation; decreased EC growth and tube formation; and downregulation of VEGF, VEGF-R2, and eNOS protein contents (7) .
The endothelium provides a critical role as an intermediary between blood flow and the vessel wall, serving as an effective biological mechanotransducer that senses and converts hemodynamic forces to biochemical signals that regulate angiogenesis, inflammation, vascular tone, and wall structure (24) . Others have previously implicated increased stiffness and hemodynamic stress as a major cause of EC dysfunction in other experimental settings (11, 17) . Proximal PA stiffening can further augment the effects of hemodynamic stress and EC dysfunction in the distal pulmonary circulation, as reflected by enhanced expression of proinflammatory molecules and increased endothelial to mesenchymal transitions (14 -16, 22, 25) .
Although impaired vascular reactivity and distal arterial growth contribute to PPHN physiology, collagen remodeling and stiffening of central PAs likely further contribute to abnormal hemodynamics, including increased pulsatility, shear stress, and pressure (20, 23) . RV-PA coupling, as characterized by the ventricular-vascular coupling ratio (21) , would also be adversely affected, since stiffening increases RV systolic pressure, which further alters arterial elastance. On the basis of our findings of decreased distensibility, we speculate that both proximal stiffness and distal vasoreactivity likely contribute to RV dysfunction and the pathogenesis of PPHN. Limitations of this study include a lack of biochemical data to more precisely quantify changes in ECM proteins. Instead, we examined changes in MPA morphology to visualize the distribution and spatial organization of ECM and cellular structures.
In conclusion, we found that MPAs from fetal sheep with PPHN have increased stiffness and extensive ECM remodeling, which is characterized by a thin media but thicker adventitia with increased collagen content and orientation compared with controls. These finding suggest that in addition to changes in the distal pulmonary arteries, proximal remodeling and stiffness of the proximal PA may further contribute to impaired hemodynamics of PPHN by further increasing impedance and altering RV-PA coupling. We speculate that therapies aimed at preventing proximal vascular remodeling and enhancing distal vascular function will improve outcome through reduced RV afterload in severe PPHN.
